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ABSTRACT
Mastera, Lawrence J., M.S., Department of Earth and Environmental Sciences, Wright
State University, 2010. Estimating Permeability from the Grain-Size Distributions of
Natural Sediment.
Permeability, k, can be estimated using the Kozeny-Carman equation, given a
grain-size distribution with any number of grain-size categories and the porosity of a
sediment.

A recursive method was developed to calculate the effective grain-size

parameter,

, for sediment mixtures with more than three grain sizes. The method was

tested on four sediment models of sand, gravelly sand, sandy gravel, and open-framework
gravel created from grain-size distributions. The k estimated from the recursive method
were consistent with physical measurements of k.
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1.0 INTRODUCTION
Permeability, k, is an important property of natural unconsolidated sediment
required to evaluate potential water resources and subsurface contaminant plume
migration. In most cases, the k of subsurface sediments is challenging to quantify. As a
result, k data are often lacking at locations where they are required (e.g., environmental
cleanup sites).
Grain-size distributions of natural sediment are easier to quantify and thus grainsize data are more readily available. Therefore, there is motivation to relate k to grainsize data. Figure 1 shows typical grain-size distributions of sediment.
For sediment having a single grain size, k can be estimated with the KozenyCarman equation:

[1]
where k is the intrinsic permeability,
discussed below, and

is some effective measure of the grain diameter as

is the effective porosity (Kamann et al., 2007 and Conrad et al.,

2008).
Kolterman and Gorelick [1995], Kamann et al. [2007], Phillips [2007], and
Conrad et al. [2008] showed that k can be estimated also for binary sediment mixtures
(grains of two sizes) with the Kozeny-Carman equation. They showed that k varies nonlinearly as a function of the volume fraction of the finer component (Figure 2)
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Figure 1. [Left] Grain-size distributions of [A] sandy gravel [B] gravelly sand [C] sand
and [D] open framework gravel. [Right] Location of each sediment type within an
exposure (Lunt et al., 2004).
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Figure 2. (A) Conceptual model of grain packing for a two-component sediment mixture.
(B) Changes in k as a function of the volume fraction of finer grains within the mixture.
(Kamann et al., 2007, as modified from Koltermann and Gorelick, 1995).
The k will be largest when the mixture is composed of only the coarser grains. As the
percentage of fines increases from zero (Figure 2b), k significantly decreases as the
coarser pores are increasingly filled with the finer-grained component. When the volume
of finer grains is equal to the

of the coarser grains, k is at a minimum. As the volume

of finer grains continue to increase to 100 percent, k will begin to increase as coarser
grain baffles diminish. Koltermann and Gorelick [1995] explained that binary sediment
mixtures do not pack ideally. Although a single type of packing may dominate, regions of
different packing will occur. Because the volumes of each packing type are unknown,
models cannot be derived from first principles.
Koltermann and Gorelick [1995] developed an empirical approach for estimating
k using the Kozeny-Carman equation. The approach is based on considering whether or
not the volume of the finer-grain fraction has the potential to fill the volume of pores in
the coarser-grain fraction. If the volume of the finer-grain fraction has the potential to
3

completely fill the pores of the coarser fraction (Figure 3a), then
harmonic mean,
coarser grains,

, of the diameter of the finer grains,

is computed as the

, and the diameter of the

. If the volume of the finer-grain fraction is less than the volume of

pores in the coarser grains and thus unfilled coarse pores can exist (Figure 3b), then the
geometric mean,

, of

and

is computed to determine

.

Kamann et al. [2007] used this approach and more rigorously considered the
diameter of pores of the coarser grain component,

. If

, then aggregates of

the finer grains can fit within the volume of pores of the coarser-grain fraction,

,

maintaining their premixed packing and pore structure (Figure 4a). In this case

has

the potential to fill with these aggregates if the premixed volume of finer grains,

, is

equal to or larger than
. If

. If this is true the

is computed from

; or otherwise from

, then finer grains cannot fit as aggregates within
and

then

can be filled when

solids of the finer-grain fraction and is equal to
computed from

, or otherwise from

, where

(Figure 4b). If
is the volume of

. If this is true then

. It should be noted that if

is

, then it

becomes possible for all coarser pores to be displaced by finer grains when the number of
finer grains,

, is greater or equal to the number of coarser pores,

[2007] gave no empirical approach to compute

. Kamann et al.

under that scenario.

Esselburn et al. [2010] expanded this work by applying a logical extension of the
Kamann et al. [2007] approach to estimate the k of ternary sediment mixtures having
three grain-size fractions with volumes Vf, Vm, and Vc. The sediment considered had
4

, and

, where

the middle-sized fraction. The

and

are the diameters of the pores and grains in

of all premixed fractions were equal. They applied a

two-step recursive approach to compute

. The first step evaluates the potential of finer

grains to fill the pores in the medium fraction. If
otherwise it is computed from

then

is computed from

. The second step evaluates the potential of the

combined finer and medium grains to fill the pores of the coarser fraction..
then
as

,

is computed as dH of

from step 1 and

of the parameters.

5

If

, otherwise it is computed

(A)

(B)

Figure 3. (A) Sediment mixture with pores dominated by finer grains. (B) Sediment
mixture with open and connected coarser pores.
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(A)

(B)

Figure 4. (A) Sediment packing where the diameter of the finer grains are much smaller
than the diameter of the pores of the coarser grains, and thus finer grains can fit as
aggregates within coarser pores maintaining their premixed pore structure. The
illustration shows the ideal case of spheres with cubic packing (47.65% porosity).
Natural mono-sized sediment will have random packing that gives porosity around 40%
(Yu et al., 1993). (B) Sediment packing where the diameter of the finer grains are
approximately equal to the diameter of the pores in the coarser grains.

7

These approaches to estimate k were shown to work quite well for mixtures of
glass marbles (Kamann et al. 2007: Conrad et al. 2008: Esselburn et al. 2010), and
mixtures of natural sediment (Koltermann and Gorelick, 1995: Phillips, 2007).
Chapuis and Aubertin [2003] showed that the Kozeny-Carman equation is a good
predictor of k for sand and gravel mixtures. They implemented a variation of equation 1
using void ratio instead of

, but equivalency exists between their equation and equation

1 in this research. They also use dH of all grain sizes to compute

. They present results

from other researchers including; Mavis and Wilsey [1937], Navfac DM7 [1974], and
Chapuis et al. [1989a], all of which show that the Kozeny-Carman equation works well to
predict k of non-cohesive soils (Chapuis and Aubertin, 2003, Figures 3-5). Based on the
work of Koltermann and Gorelick [1995], and Kamann at al. [2007], it is expected that
using the dH may cause a systematic under estimation of k when the volume of the
coarser pores is significantly more than what can be occupied by finer sediment, and
should not be used exclusively to compute

for sediment mixtures.

In this research, I apply an extension of the Esselburn et al. [2010] recursive
approach to compute

for sediment mixtures with more than three grain-size categories.

Here, I more closely consider the possibility of finer grains filling coarser pores. To
explain, the example in Figure 5 shows the volume of the three smallest components
(i=1,2,3) before mixing ultimately with a total of n components. Let
for category i and
shows the case where

be the grain size

be the pore size of the next coarsest category. This illustration
, but the ideas are easily extended to other cases. The

recursive approach used to compute

for the n components is shown in Figure 6. Let

8

be a measure of the composite volume of the combined and mixed categories of i and
smaller which is used for comparison with the volume of pores in the next coarsest
category (i+1). A contrast is made in the possibility of coarser pores being filled between
the steps shown in Figure 5a and Figure 5b.
Following the illustration in Figure 5a and the flow chart in Figure 6,

would be

taken as the premixed volume of category 1 because aggregates of category 1 can fit
within the pores of category 2 while maintaining their premixed pore structure
(Figure 4a). Were this not true,
(Figure 6), noting that
as dG of

and

. Because

would be taken as the volume of solids of category 1
is equal to

. In the example,

so

, in the next iteration

is taken

is computed as the

volume of category 2 because the entire volume of category 1 can potentially fit within
the pore structure of category 2.
In the next iteration, illustrated in Figure 5b, the mixture of 1 and 2 is compared to
the volume of pores in the next larger category, 3. Because

and

are both <<

,

is taken as the combined volume of categories 1 and 2 as shown. Otherwise,
would be taken as the Vs of the mixture of 1 and 2. Because
hold all of the mixture (1+2). Therefore, as per Figure 6,
and

, the

could not

is computed as the dH of

. The volume of the combined categories (1+2+3) is larger than the premixed

volume of category 3, because the sediment from (1+2) does not all fit in the pore volume
of category 3. In the next iteration, that combined volume is used for
compared to

. Further iterations would continue in this manner.

9

, which is

10

Figure 5. Conceptual model for comparing the volume of finer sediment to the volume of coarser pores.

i =largest fraction
no

i =largest fraction

i =i+1
Figure 6. Recursive approach for computing

11

.

Note that in the recursive calculation of

, if dH is used in every step, then

is

exactly the same as dH computed directly for all grain-size categories, as done by
Chapuis and Aubertin [2003].
In this thesis, I implemented the recursive method to compute
component sediment mixtures. The

for multi-

computed from this method was used in the

Kozeny-Carman equation to estimate k. To test this approach, estimated values of k were
compared to measured results for natural sediment mixtures containing multiple grain
sizes (Figure 1). Ferreira [2009] already measured k for the open-framework gravel
(Figure 1a), and I made laboratory measurements of k for the other three grain-size
distributions shown in Figure 1.
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2.0 METHODS

2.1 CREATING SEDIMENT MODELS
Expanding on the methods that Ferreira [2009] used to create sediment models for
open-framework gravel (Figure 1a), I created sand, gravelly sand, and sandy gravel
sediment models from the grain-size distributions in Figure 1b-1d.

The grain-size

distributions in Figure 1 were all quantified from outcrop exposures of braided channelbelt deposits located in the Sagavanirktok River system of Alaska (Lunt et al., 2004).
The sediments for the models, constructed to match these distributions, were collected
from sand and gravel bar deposits along the Mad River near Dayton, Ohio.

The

sediments consisted of limestone and sandstone clasts originating from braided channel
belt

deposits

emplaced

during

the

most

recent

glacial

retreat.

Sediments were washed through a No. 230 sieve to remove silt and clay particles while
retaining all grain sizes larger than 0.060 mm. Sediments were then oven dried at 100
degrees Celsius and sieved into increments (Table 1) encompassing grain sizes between
32.0 and 0.060 mm. A volume of 2000 to 5000 cm3 of each grain-size increment was
accumulated to provide a sufficient amount of sediment for replicate

and k

measurements. The weight fractions of each grain-size increment for each sediment
model corresponding to Figure 1 are shown in Table 1. These fractions were combined
to create each of the four sediment models.

Once combined, the mixtures were

mechanically mixed for 5-10 minutes in a mixing bucket (Ferreira, 2009). Appendix A
13

gives details of how sediments were prepared.
2.2 MEASURING POROSITY
The

of the sediment models was measured, as was each of the premixed grain-

size categories used to create the models. A total volume, Vt, of 100 cm3 was used for
measuring

of each grain-size category, and 500 cm3 for each sediment model. Using a

burette, water was decanted into a test chamber until all the air bubbles were removed
and the voids were saturated. The total volume of water added was read from the burette
to the nearest 0.1 ml, and was recorded as Vv. The

was then computed as

.

Mean values for each grain-size category ranged between 44% and 40% (Table 2). The
of random packed spheres on mono-sized subspherical natural sediment is indeed
around 40% (Yu and et al., 1993), closer to that of cubic packing (47.65%) than to that of
rhombohedral packing (25.95%), and higher than sediment exposed to a vibrating table or
consolidometer. The diameter of a single pore is not known. The upper limit of the size
of the pore can be taken as that which would occur under cubic packing of spheres, which
is 0.414d. I used that upper limit to evaluate the potential of a grain in fraction i to fit
into the pores of fraction i+1.
After mixing, the mean values for sand, gravelly sand, sandy gravel, and openframework gravel were 32.16%, 28.95%, 23.89%, and 24.22% (Table 2). Refer to
appendix A for additional details of

measurements.
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Table 1. Grain-size distributions of sand, gravelly sand, sandy gravel, and
open-framework gravel.
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Table 2. Detailed

statistics.
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2.3 MEASURING PERMEABILITY
A constant-head permeameter was used to measure k for the sand, gravelly sand,
and sandy gravel sediment models under steady-state flow conditions. Methods for k
measurements follow ASTM Designation: D 2434-68 [2006], and Chapuis [2004a]. The
k in each experiment was taken as the slope of a fitted regression line relating

to

[m2]

[D] in the range over which Darcy’s Law is valid (Figure 7). A mean value of k

was determined from four replicate packing of each sediment model. Refer to appendix
B for the complete details of the procedures and computations.

Figure 7. Normalized discharge vs. hydraulic gradient, and regression lines of (A) sand
(B) gravelly sand and (C) sandy gravel models. Each line represents a single loading of
the permeameter chamber. For each of these replicate loadings, the k is the slope of the
line.
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3.0 RESULTS AND DISCUSSION
The average measured k for sand, gravelly sand, sandy gravel, and openframework gravel are compared to the estimated k in Table 3, and in Figure 8. The
values of k estimated with

as determined recursively in Figure 6, for sand, gravelly

sand, and sandy gravel, are all slightly greater than the average measured vales, whereas
values for open-framework gravel are slightly lower. Lines representing

, and

correspond to the ranges Chapuis [2004a] gave for expected accuracy of the
Kozeny-Carman equation. The results show that the Kozeny-Carman equation estimates
k within this range for all sediment models. Table 3 and Figure 8 also show results of k
when

is computed as dH for all categories as done by Chapuis and Aubertin [2003].
Tables 4a-4d give

,

,

,

, for all recursive iterations for all sediment

models. The tables show that for each iteration,

, and therefore for all iterations

is computed as the volume of solids of fraction i and all fractions smaller. The tables
show that in most recursive iterations,

, and thus most smaller fractions have the

potential to fill the pores of the next coarsest fraction, resulting in using dH to compute
. The reason the results using the method of Chapuis and Aubertin [2003] are very
close to the results from the recursive method is because dH is used in most iterations of
the recursive method for all the sediment models examined here. It would be beneficial

20

to further test the recursive approach by using grain-size distributions that would involve
dG to a greater extent among the recursive iterations.
Table 3. Average measured and estimated k.
Average
Estimated k using
Sediment Model
Measured k
the Recursive
(Darcies)
Method (Darcies)
Sand
24
39
Gravelly Sand
10
12
Sandy Gravel
43
64
Open Framework
4090
3218
Gravel
(1 Darcy = 1 x 10-8 cm2)

20

Estimated k using Chapuis
and Aubertin [2003]
(Darcies)
41
12
65
3173

21

Figure 8. Comparison of measured vs. estimated k. The whiskers represent the range of measured values.
All estimated values were within 3 standard deviations of the mean measured values.

Table 4. Values used in each iteration in calculating

for

,

,

,

, dH vs. dG,

and
of (A) sand (B) gravelly sand (C) sandy gravel and (D) open-framework gravel
models.

22

Table 4 continued.
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Table 4 continued.

24

Table 4 continued.
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4.0 CONCLUSIONS

Expanding on Esselburn et al. [2010], k can be estimated using the KozenyCarman equation given a grain-size distribution with any number of grain-size categories,
and the

of the mixture. The method involves a recursive calculation of the effective

grain-size parameter

. The method of Chapuis and Aubertin [2003] is a subset of this

approach. The new method developed here was tested on four sediment models (sand,
gravelly sand, sandy gravel, and open-framework gravel). For all sediment models, the k
estimated from this method compared well to independent measurements of k.
For all sediment models used in this study, the finer-grain fractions have the
potential to completely fill the pores of all coarser fractions. As a result, dH was used in
most of the recursive steps, and the k estimated from the recursive method are similar to
the k estimated using the method of Chapuis and Aubertin [2003].

The recursive

approach should be further tested to evaluate how it compares to the estimation of k using
exclusively the dH to compute

. Grain-size distributions should be tested for the case in

which, for each recursive iteration, the volume of the finer-grain category is less than the
critical amount to potentially fill the pores of the next coarsest category.

26
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APPENDIX A: Detailed Methods for Sediment Preparation and Measuring Porosity
Sediment was gathered from sand and gravel bars along the Mad River near
Dayton, Ohio. A shovel was used to collect the sediment and 5 gallon buckets were used
to transport the sediment to the laboratory. In the laboratory, sediment was washed
through a No. 230 sieve to remove sand and clay particles. After washing, sediment was
placed in aluminum bowls and oven dried at 100 degrees Celsius for 12 hours. The
sediment was then passed through a series of nested sieves with openings given in Table
A1 for 20-25 minutes with a ro-tap vibrator. A value of

200 cm3 of sediment was used

per sieving event to efficiently separate grain sizes into their proper categories and to
prevent finer grains from being stuck within the coarser sieves (Conrad, 2006, and
Esselburn, 2009). Rubber agitators and 10 mm marbles were placed within each sieve to
thoroughly break up aggregates and to enhance the sieving process. Between sieving
events the sieves were thoroughly cleaned with a brass brush to remove grains that may
have been stuck within the openings. The sieved sediment was organized into grain-size
categories (Table 2) corresponding to the volume fractions of the grain-size distribution
in Figure 1. A value of 2000-5000 cm3 of each fraction was gathered for multiple k and
measurements.

The percent of each grain size to create sediment models was

determined directly from the individual fractions within the grain-size distributions.
A premixed volume of 100 cm3 for individual fractions and 500 cm3 for sediment
models was used for

measurements. Conrad [2006], determined that using a volume
29

of 400 cm3 and larger for measuring

of mixtures containing sand and gravel gave the

most precise results. The sediment was mixed with a wooden spoon for one minute.
Conrad [2006] determined that mixing for 30 seconds or more is sufficient for mixing
premixed volumes close to those used in this thesis. The sediment was then added to a
600 cm3 chamber and the post-mixed volume is recorded. Similar to Esselburn [2009],
water was decanted into the mixture using a burette. The chamber was tilted slightly so
the entering water can more efficiently displace the air within the pores. Water was added
until the water horizon was level with the top of the mixture. The total volume to saturate
the sediment was recorded to the nearest 0.1 ml. Figure 1A shows the apparatus used to
measure .

30

Table A1. Nested sieve openings.
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1

2

Figure A1. Apparatus for measurements showing: (1) 50 ml burette,
and (2) 600 cm3 chamber filled with a sediment model.
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APPENDIX B: Detailed Methods for Measuring Permeability and Results
REQUIRED INSTRUMENTS
Permeameter
The permeameter was purchased from GeoTest Instrument Corporation and made
to ASTM specifications. A 6 inch, or 15.24 cm, diameter permeameter was used based
on maximum particle size of each sediment model in accordance with ASTM D 2434-68,
[2006], Table 1. The height of the permeameter is 24 cm, and the distance between
manometer tubes, l, is 15.25 cm. Two porous disks 3-4 times more permeable than the
sediment were used to hold the sediment in place to prevent volume reduction. Figure B1
shows the permeameter and its components.
Constant Head Reservoir
A 2.25 liter reservoir was used for the constant head tank. The reservoir is 30 cm
tall with a surface area of 75 cm2. The reservoir rests within an 18.8 liter PVC container
used to catch and drain excess water (Figure B2).
De-Airing Water Tank
A 5 gallon water de-airing / storage tank was used to removed dissolved oxygen
(DO) from tap water. The tank is equipped with an inflow valve to introduce water into
the tank, an outflow line to discharge water, and a valve to control the vacuum
(Figure B3).
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Vacuum Pump
A Direct Torr vacuum pump capable of producing

35 inches Hg gauge pressure

was used to de-air water and remove air from the sediment filled permeameter. Figure B3
shows the vacuum pump connected to the de-airing water tank.
Manometer Tubes
The manometer tubes were connected to a 100-centimeter scale attached to a rack
to keep the tubes level and increase the accuracy of the head measurements. Valves
attached to the bottom of each tube are used to prevent air from entering the permeameter
when vacuuming air from the sediment pores (Figure B2).
DETAILED PROCEEDURE FOR PERMEABILITY MEASUREMENTS
1. A premixed volume of 4500 cm3 is needed to fill the permeameter chamber. Keep in
mind that the post-mixed volumes needed for each sediment model to fill the
permeameter chamber vary depending on volume reduction after fractions are combined.
2. The sediment is mixed in a mixing bucket for approximately 5 minutes (Figure B4)
and loaded into the permeameter through a loading funnel to approximately one inch
below the top of the upper plate (Figure B1). Before loading the sediment, a porous disk
and fine sand filter is placed on the bottom of the permeameter.
3. The upper surface of the sediment is leveled and then covered with another fine sand
filter and porous plate.
4. Sediment particles around the upper plate and the threaded bolts are removed. If
sediment is left around the bolts and upper plate the lid will not properly seal and water
will leak out of the permeameter.
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5. The lid is then placed on top of the permeameter and tightened down with the
appropriate nuts. Hand tight is sufficient.
6. Attach the manometer tubes to the permeameter and close the valves.
7. Attach the vacuum line to the inflow valve and close the inflow and outflow valves.
8. Turn on the vacuum and allow the pressure to build up.
9. Slowly open the inflow valve allowing the pressure in the permeameter to equilibrate
with the vacuum pump.
10. After an initial vacuum has been created, check the airtightness of the system. To do
so, close the inflow valve, disconnect the vacuum, and slightly re-open the inflow valve.
If a noise of air passing through the valve can be detected then the system is airtight
[Chapuis et al., 1989a].
11. Reconnect the vacuum and vacuum for 25 minutes.
12. Attach the water source (de-airing storage tank) to the outflow valve. Allow the
water to flow before connecting it to the permeameter. This will prevent excess air
within the water source line from being added to the permeameter. Slowly open the
outflow valve allowing the water to saturate the sediment (Figure B5) until water starts to
be vacuumed out of the permeameter. It is important to keep the water source under
vacuum during initial saturation to reduce the hydraulic gradient within the permeameter
[Chapuis et al. 1989a]. Chapuis et al. [1989a] state that for a specimen length between 20
and 30 cm, similar to the length of the permeameter used in this thesis, gradients as large
of 50 can be created within the specimen if it is saturated using water open to air. The
large gradients cause the finer particles within the sediment to migrate upward and collect
against the porous disks.
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13. Close the inflow valve, close the outflow valve, and shut of the vacuum. If water is
being de-aired, close the vacuum valve connected to the permeameter vacuum line.
14. Remove the vacuum line from the permeameter.
15. Attach the inflow line to the constant head tank and the inflow valve. Remove the
water source from the outflow valve and attach the discharge line.
16. Connect the de-aired water source to the CH tank (see de-airing water procedure), and
allow water to circulate. Open the valve on the constant head tank, and allow the water
to displace all the air within the inflow line.
17. Slowly open the inflow valve allowing water to flow into the permeameter. Make
sure the valve is completely open. Remove any air that was not removed from the
permeameter during vacuuming by “shacking” the inflow line side–to–side.
18. Open the manometer valves, and remove the air within the manometer tubes.
19. The system is considered free of air bubbles once the height of water in the both
manometer tubes are level with each other and with the height of the water in the CH
reservoir. If the water level in the manometer tubes are uneven air bubbles may remain
within the permeameter. If this is observed, continue to check for air bubbles around the
manometer ports and inflow valve. If after multiple attempts to remove air does not
make the height of water in the manometer tubes level, reload the permeameter.
20. Slowly open the outflow valve, allowing water and air to exit the permeameter.
Attach the outflow line to the gradient adjustment rack used to control the hydraulic
gradient (Figure B2).
21. Double check that all water lines are void of air, and all valves are completely open.
Partially opened valves will restrict flow and produce invalid results.

36

MEASURING PERMEABILITY
Volumetric discharge, Q, hydraulic gradient,

, and temperature, T, is measured

three times at three different gradients. Q is computed by recording the time required to
fill 100, 200, and 300 ml of water at each gradient [Kamann, 2004, Conrad, 2006, and
Esselburn, 2009]. T is measured to determine fluid density,

, and dynamic viscosity,

,

from published values in deMarsily [1986], and the Corps of Engineers Laboratory soiltesting manual [1970]. Cross sectional area, A, normal to fluid flow was also measured.
The hydraulic gradient was kept below 0.1 to achieve laminar flow and maintain a linear
change in discharge with changing gradient. Corrected discharge

vs.

, [m2], is plotted

[D] for each of the nine data points and a linear regression is fit to these data.

Under steady state flow conditions data collected at a constant gradient should be
identical, and 3 points would be visible per regression line. This generally true for the
plots of the sand and gravelly sand models. It was difficult to maintain a constant
gradient when measuring the k of the sandy gravel model, therefore many data points
collected at a specific gradient are not identical, and thus lines will show between 3 and 9
data points. The slope of the linear regression was determined to be the value of k. Four
replicate packing of each sediment model were tested to obtain four independent
regression lines. An average k was computed from these lines.
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Reynolds numbers were computed for each data point to ensure fluid flow was
within the linear and laminar flow regime. Reynolds numbers are computed from the
following expression:

[2]
where q is the rate of fluid flow,

is the fluid density,

computed for each sediment model, and

is the effect grain diameter

the fluids dynamic viscosity.

Figure B1. The permeameter and its components. (1) is the permeameter, (2) is a porous
disk, (3) is a fine sand filter, (4) is the lid showing the inflow valve and 5lb spring, (5) are
the lid nuts, and (6) is the fill line.
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Figure B2. Improved apparatus to measured k in the laboratory showing: (1) de-aired
water source, (2) constant head tank, (3) monometer tube rack, (4) permeameter,
(5) vacuum line, (6) thermometer, and (7) gradient adjustment rack.
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Figure B3. (Bottom) Vacuum pump and de-airing/storage tank set-up showing (1)
vacuum, (2) water collector/vapor extractor, and (3) water de-airing/storage tank. (Top)
Components of the de-airing/storage tank: (3a) storage tank drain, (3b) water source
valve, and (3c) vacuum valve.
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Figure B4. [Top] Mixing bucket used to mix and load sediment. [Bottom] Sandy gravel
sediment model loaded into the permeameter chamber.
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Figure B5. Initial saturation of sediment.
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DE-AIRING WATER PROCEEDURE AND RESULTS
To lower the concentration of DO in tap water below its concentration at
saturation (

ppb), tap water is placed in a de-airing tank and connected to a

vacuum pump (Figure B3).
The vacuum pump was first connected to the empty de-airing tank and run for 5
minutes to lower the pressure within the storage tank below atmospheric. Tap water was
then introduced into the tank as a spray to increase the surface area which increased the
rate of DO removal. The tank was filled just below the top to prevent water from being
pumped into the vacuum. Once filled, the water source was removed, the water valve is
closed, and the storage tank was left under vacuum for 12 hours. After 12 hours, the DO
concentration was

2000 ppb. Water is then drained into the de-aired water source tank,

and placed above the CH tank so flow can be established (Figure B2).
An estimated rate of DO equilibration with the atmosphere was calculated with
the thin film equation for gas exchange. The equation is given as:
[3]
where

is the molecular diffusivity coefficient for gas A (2.3E-9 m2/s),

is inferred gas’s atmospheric partial pressure (8500 ppb),

is the

gas concentration in the water (600 ppb), and z is the thin film thickness determined by:
altitude, temperature, wind, and disturbance (5E-4 m at 22 degrees Celsius and a wind
speed of zero). A value of 600 ppb was used for

because it was the lowest

measured concentration of DO after de-airing. Figure B6 gives an approximate rate of
DO increase in the laboratory environment with a starting concentration of 600 ppb. To
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completely equilibrate with the atmosphere the water would have to be exposed to air for
over 140 hours. The average time water is exposed during the k test is approximately one
hour. From the thin film equation it was estimated that, after one hour, the water would
still be much less than saturated with DO. Table B1 gives approximate DO values for 10
hours of equilibration.
Throughout each k experiment, water samples from discharging water and the deaired water source tank were tested for DO. It was determined that discharged water had
concentrations of

000 ppb and the water in the source tank had concentrations of

000 ppb. Both water sources remaining well below saturation.
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Figure B6. DO equilibration to atmospheric concentrations (8500 ppb) in water with an initial
saturation of 600 ppb.

Table B1. DO equilibration results for the first 10 hours of equilibration.
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REASONS FOR USING ASTM D:2434 AND CHAPUIS [2004a] PERMEABILITY
METHODS
Chapuis [2004a], and Chapuis et al. [1989a] conducted extensive research
showing that k measurements made when the pore spaces are not completely saturated
can be as much as a factor of 4 lower than predicted. If the water used in the methods to
measure k is exposed to the atmosphere or taken directly from the tap, it will be slightly
over saturated with dissolved gases. As a result, the initial water saturation of pore
spaces will about 80-85% (Smith and Browning, 1942, Chrisiansen, 1944, and Chapuis et
al., 1989a in Chapuis, 2004a).

The k values determined from measurements using

aerated or “old water” may only be 25-30% of values measured at 100 % saturation.
Chapuis [2004a] demonstrated that when conducting k experiments using aerated-water,
there will be a brief period of increasing k immediately followed by a decrease in k to
50% of the maximum k measured per experiment (Chapuis, 2004a from Pilsbury and
Appleman, 1945, Figure 3). Chapuis [2004a] also demonstrated that the water saturation
diminishes over time using aerated water, even when the initial saturation is 100%.
Incomplete saturation is a result of gas bubbles trapped within the porous medium
preventing water to occupy these pore spaces and limited fluid flow through the medium.
Often the gas bubbles are too small and are not visible (Chapuis, 2004a). Adam and
Corey [1968] explained that the amount of trapped gas within sediment can vary from
5 – 50% of the total pore volume. The diffusion of gas into the sediment is created by
interfacial forces at gas-liquid interfaces (Adam and Corey, 1968). Gas bubbles within
the medium will grown or shrink over time depending upon if the water is over or under
saturated with gas. Gas bubbles are unstable within the medium and will often move
from areas of higher concentration to lower concentration, and move from finer pores to
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larger pores (Adam and Corey, 1968). Chapuis et al. [1989a] explained that when
conducting a k experiment with the water flowing downward through a permeameter, gas
bubbles will rise and may displace sediment particles, and if they continue to rise,
bubbles will build up underneath the top of the permeameter and eventually block the
inflow of water. Gas bubbles will also grow in areas where there is variation in thermal
conductivities, such as metallic valves and pipe fittings (Chapuis et al. 1989a). Also,
gasses can leak into the permeameter while under vacuum, or while pores are being
initially saturated (Chapuis et al. 1989a).
Chapuis et al. [1989a], gave four methods to achieve full saturation and reduce
the effect of trapped gasses. Method (d) and (e) from their discussion are shown by
researchers in the petroleum resource industry to achieve l00 percent saturation. For rigid
wall permeameter tests, such as those used in this thesis, method (d) from (ASTM D
2434-68) applies a vacuum on a dry sediment specimen to remove adhered air, and
saturating the sediment from the bottom up under vacuum. Chapuis [2004a] demonstrated
that using this method with de-aired water gives 100 percent saturation.
In summary, I used improved methods for measuring k within the Wright State
Water and Sediment Laboratory as recommended by D:2434, Standard Test Method for
Permeability in Granular Soils (Reapproved 2006), Chapuis [2004a], Chapuis and
Aubertin [2003], and Chapuis et al. [1989a], using improved air/water tight
permeameters, a vacuum pump to remove air from sediment pores, and a de-aired water
source to saturate the specimen and to conduct k experiments.
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COMPARISON OF MEASURED PERMEABILITY AMONG DIFFERENT
METHODS
The average k of sand, gravelly sand, and sandy gravel determined from three
methods were compared. The three methods include: (1) using aerated water without
vacuuming pores, (2) using aerated water with vacuuming pores, and (3) using de-aired
water with vacuuming pores. The average k values among different methods are given in
Table B2.

It should be noted that results of the sandy gravel using method 1 showed

significant variation over repeated packing. Numerous large air bubbles were visible
within the pore structure and it was difficult to maintain a linear change in discharge
within increasing gradient. As a result, reliable k values determined from method 1 could
not be computed from the regression lines, and thus were not used in this comparison.
Method 1 gave the lowest values of k for sand and gravelly sand. This is expected as per
the discussion on improving k methods. Using method 2, the k increased over 200
percent for the sand sediment model, and over 400 percent for the gravelly sand sediment
model. There was negligible change in k between methods 2 and 3, however it was easier
to maintain linear changes in discharge with changing gradient when de-aired water was
used. Chapuis [2004a] determined that if using aerated water, even after pores are
vacuumed, k will decrease over time causing a non-linear change in discharge. The
results from method 2 could be related to this behavior.
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Table B2. Comparison of measured k among three different methods.
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MEASURED PERMEABILITY STATISTICS
Table B3. Measured k statistics.
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